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Abstract
The anatomy of young and old stems of Aristolochia
macrophylla has been investigated for a better un-
derstanding of how secondary growth processes
cause changes in the stem anatomy of a lianescent
plant. In A. macrophylla, following an increase in
volume of secondary vascular tissues, the cortical
tissues are deformed and the outer sclerenchymatous
cylinder ruptures. Morphometric measurements prove
that the inner zone of the cortical parenchymatous
tissue is compressed prior to the rupture of the outer
sclerenchymatous cylinder. After the rupture has
occurred, the radial width of the inner primary cortex
slightly increases again. This could be caused by
strain relaxation, suggesting that the inner primary
cortex mechanically behaves similarly to cellular tech-
nical foam rubbers. Two different experiments were
undertaken to test the outer cortical cylinders mechan-
ically. The outer cortical cylinders comprise the outer
sclerenchymatous cortical tissue and a collenchyma-
tous sheath underneath the epidermis and the epider-
mis. In a ﬁrst experiment, transverse compression
loads were applied to the outside of the cortical
cylinders causing ovalization of the cylinder until
failure. This experiment allowed the Young’s Modulus
of the outer cortical cylinders to be determined. In
a second set of experiments, radial hydraulic pressure
was applied to the inside of the cortical cylinders,
mimicking the mechanical effects of internal growth
processes. The increase of the internal pressure ﬁnally
led to rupture of the cortical cylinders. The circumfer-
ential stresses acting on the inner surface of the
cortical cylinders were calculated. These data allow
quantitative estimates of the radial and circumferential
pressures effected by vascular secondary growth pro-
cesses during ontogeny in A. macrophylla stems. The
experimental results further indicate that the outer
sclerenchymatous cylinder is the main contributor to
mechanical stability of young A. macrophylla stems.
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Introduction
Ontogeny and stem anatomy
The mechanical constraints acting on vines are very
different from those acting on trees. In young ontogenetic
stages, vines are stiff in bending and torsion, a character-
istic that allows young ‘searcher twigs’ to span gaps
between different host trees. In older ontogenetic stages,
vines develop a high ﬂexibility in bending and torsion that
enables them to follow movement of the supporting host
trees and to sustain branch and stem failures of their host
trees without being damaged. Old vine stems are
characterized by a high ability to resist tensile, bending
and torsional stresses and strains (Speck and Vogellehner,
1992; Speck, 1994a; Speck and Rowe, 2001; Rowe and
Speck, 2004), and show a signiﬁcant wound healing
ability (Wilson and Grange, 1984; Fisher and Ewers,
1989). In Aristolochia macrophylla, these properties are
a consequence of the primary and secondary organization
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There are three major adaptations to the lianescent growth
strategy in A. macrophylla (Speck, 1994a, b; Masselter
and Speck, 2006). (i) Embedding of the isolated vascular
bundles in a soft parenchymatous matrix. (ii) Develop-
ment of secondary wood with a high cell lumen to cell
wall ratio containing many large-diameter vessels and
huge parenchymatous wood rays (in older ontogenetic
stages). (iii) Rupture of the outer sclerenchymatous and
collenchymatous cylinders in older ontogenetic stages
(Fig. 1B, D, F, G).
The embedding of stiff vascular bundles in soft
parenchyma cells also inﬂuences the deformation of pri-
mary tissues during secondary growth in A. macrophylla.
Unlike the growth processes observed in most self-
supporting woody plants, in A. macrophylla. the abundant
development of secondary xylem (Fig. 1) and secondary
phloem deforms primary tissues not only peripheral to the
vascular bundles but also toward the stem centre. The
inner zone of the parenchymatous primary cortex is
radially deformed, whereas the deformation of the pith
takes place in a preferential direction. In the direction
normal to this ﬂattening the pith remains (nearly) un-
deformed (Fig. 1B, G).
As long as it is intact, the sclerenchymatous cortex
prevents the deformation of the outermost cortex tissues,
and contributes largely to the high bending and torsion
stiffness observed in young stems (Fig. 1A, C, E; Speck,
1994a, b).
The development of secondary xylem comprising vessels
with a high cell lumen to cell wall ratio and large paren-
chymatous wood rays, as well as the rupture of the
sclerenchymatous and collenchymatous cylinders in older
axes, leads to a signiﬁcant decrease in Young’s Modulus and
torsional modulus in older ontogenetic stages (Speck and
Vogellehner, 1992; Speck, 1994a; Speck and Rowe, 1999).
Ongoing secondary growth, i.e. an increase in volume
of the vascular tissues, causes increasing radial stresses
and strains and ﬁnally signiﬁcant compression of the inner
parenchymatous cortex tissues, and circumferential (tan-
gential) stresses and strains in the sclerenchymatous outer
cortex cylinder. In older stems, the cells of the scleren-
chymatous tissue debond and the sclerenchymatous
cylinder ﬁnally ruptures into segments (Fig. 1B, D, F, G).
The ﬁssures are not distributed randomly in the stem
cross-section, as they alternate with the remaining frag-
ments of the ruptured sclerenchymatous cylinder which
are situated ‘above’ the vascular bundles (Fig. 1G). The
zones, where the ﬁssures are formed, putatively represent
regions of tangential stress concentrations. These ﬁssures
are quickly repaired by parenchymatous cells, which swell
into the cracks and seal them. In later phases of the ﬁssure
repair, radial and tangential cell division of the repairing
cells takes place, and the cell walls of the ﬁssure-repairing
cells may thicken and lignify (Haberlandt, 1924; Scho ¨ttgen,
1983; Speck et al., 2004a, b, 2006; Speck O. et al., 2006).
By these processes the structural function of the scleren-
chymatous cylinder can be fully or partly restored for
a given time. Fissures occurring in older stem parts are still
sealed by parenchymatous cells, but the cell walls of the
repairing cells do not thicken and lignify any more. In this
case, the decrease in the contribution of the sclerenchyma-
tous cylinder to ﬂexural and torsional stiffness of the plant
becomes permanent (Speck, 1994a, b; Speck and Rowe,
1999, 2001; Speck et al., 2004c; Rowe and Speck, 2005).
In order to quantify stresses and strains occurring in the
inner primary parenchymatous cortex and in the scleren-
chymatous cylinder, experimental measurements of break-
ing strengths and stresses of the cortical cylinder were
carried out by mechanically mimicking secondary vascu-
lar growth processes (Masselter and Speck, 2006).
Materials and methods
Sampling and measuring of specimens
Material of A. macrophylla was collected from a specimen in the
Botanical Garden, Freiburg. Particular attention was paid to use
only plant axes without any visible damage. In cross-sections, tissue
areas were measured with the digital image analysis software
‘Optimas’ (Bioscan Inc.) after scanning the outlines of these tissues
previously drawn on acetate sheets. Values of the radial width of
the inner parenchymatous primary cortex as well as of the radial
width of the vascular cambial tissues (i.e. secondary wood and
secondary phloem including the vascular cambium) are plotted
against the distance from stem apex.
Normalizing of data
Stems of A. macrophylla show a large variability of stem girth,
tissue geometry, and relative tissue areas from nodes to internodes
as well as from one internode to the next (Fig. 2), i.e. a distinct
‘short-distance’ variability of tissue geometry and distribution. This
variation tends to overlay the overall ‘long-distance’ ontogeny, in
terms of increasing areas of secondary tissues and changes of
relative size of the primary cortex. In order to deal with this
problem, the measured values of the radial width of the inner
primary cortex have been normalized, by dividing them by the
width of a primary tissue that is not deformed by the secondary
tissues. Although the pith in A. macrophylla is deformed during
ontogeny (Fig. 1B, G), due to the non-uniformity of the de-
formation, there exists one direction in which the pith remains
(relatively) undeformed by secondary growth and retains a (nearly)
constant diameter throughout the entire ontogeny. This undeformed
diameter (Fig. 1B, G, direction y) is arranged normal to the
preferential direction of compression (Fig. 1B, G, direction x). The
pith diameter in undeformed direction (diameter d; Fig. 1E) is used
for normalizing the inner primary cortex by dividing the radial
width of this tissue by the diameter d. This normalization allows
a (semi-)quantitative analysis of the compression of the inner
primary cortex due to stresses caused by cambial secondary growth.
Mechanical experiments
Plant segments were cut from the same specimen of A. macrophylla.
Particular attention was paid to choosing undamaged and straight
axes. These were cut into 3 cm long segments. The pith, the
vascular bundles, and the inner parenchymatous primary cortex
2956 Masselter and SpeckFig. 1. Cross-sections of stems of Aristolochia macrophylla. (A) One-year-old axis. (B) Two-year-old axis. 1, pith; 2, secondary xylem; 3, cambium;
4, secondary phloem; 5, inner parenchymatous zone of primary cortex; 6, sclerenchymatous cylinder; 7, outer parenchymatous zone of primary
cortex; 8, collenchymatous cylinder; 9, epidermis. The deformed diameter of the pith in (B) ranges vertically from the uppermost vascular bundle to
the lowermost vascular bundle, i.e. the pith is nearly uncompressed along direction y, whereas the highest compression occurs along direction x. (C)
Detail of (A), showing a crushed vessel in the secondary xylem. (D) Detail of (B). (E) Schematic drawing of the cross-section of an A. macrophylla
stem; d, undeformed diameter. (F) Detail of the sclerenchymatous cylinder in the cortex of A. macrophylla, showing a radial rupture. (G) Five-year-
old axis. (A, B) scale bars ¼ 3 mm; (C, D) scale bars ¼ 200 lm; (E) scale bar ¼ 1 mm; (F) scale bar ¼ 100 lm; (G) scale bar ¼ 5mm.
Stem organization of A. macrophylla 2957were removed with standard drills, so that the sclerenchymatous
cylinder and the more peripheral tissues (outer parenchymatous
primary cortex, collenchymatous cylinder, epidermis) were still
intact. It was not possible to remove the tissues outside the
sclerenchymatous cylinder fully without damaging parts of the
sclerenchyma. It is assumed that these parts do not signiﬁcantly
affect the data. (This is conﬁrmed by experiments with set-up 2 in
which the outer zone of the parenchymatous primary cortex (7 in
Fig. 1) as well as the collenchymatous sheath (8 in Fig. 1) were
lacerated with longitudinal cuts without damaging the sclerenchy-
matous cylinder. In each experiment, at least two of these cuts were
made along the whole length of the plant segments.) Two different
set-ups were used for determining the structural Young’s Modulus
of the outer cortical cylinder in a circumferential direction (set-up 1),
and the radial and circumferential (tangential) stresses (set-up 2)
necessary to break it. With set-up 1 the structural Young’s Modulus
of the cortical cylinder in a circumferential direction is measured by
the transverse compression of the hollowed-out cortical cylinder.
Signiﬁcant transverse deformation occurs in plants with hollow
stems as in the giant reed Arundo donax as a consequence of stem
bending and will ﬁnally lead to local buckling (Spatz et al., 1995,
1997, 1998). It does not occur in plant with solid stems as in A.
macrophylla. However, this test is well suited for determining the
Young’s Modulus of the cortical cylinder in circumferential
direction as: (i) the entire cortical cylinder is tested and not only
a small part of it, thus reducing the odds of measuring an especially
strong or an especially weak part accidentally; and (ii) measurement
of the structural Young’s Modulus of the cortical cylinder in
a circumferential direction would have otherwise required a tensile
or bending test on curved sections of the cortical cylinder causing
signiﬁcant experimental problems.
Set-up 2 allows direct conclusions on the pressure exerted by
secondary growth on the inner surface of the sclerenchymatous
cylinder before rupturing.
Set-up 1: Structural Young’s Modulus in a circumferential di-
rection: The hollowed out stem segments were transversally de-
formed (Fig. 3A, B) with an Instron testing machine which
measured force and displacement during compression. The cortical
cylinder of A. macrophylla is considered as thin walled, since its
inner diameter/wall ratio is in the transition zone between thick
(<25) and thin (>20) walled cylinders. For cylinders with this
structure the error using thin-walled cylinder theories is still
relatively small (<5%; Stephens, 1970), because shear strains can
be neglected in a ﬁrst approximation. It was possible to assess the
structural Young’s Modulus in a circumferential direction with
a numerical method for thin-walled cylinders developed by Spatz
et al. (1995, 1997, 1998; see also Stephens, 1970).
The formulae below allow the structural Young’s Modulus to be
calculated as a function of the force at a given elastic deformation
of the cylinder. For determining the Young’s Modulus of the
cortical cylinder, the Young’s Modulus was calculated using the
force-displacement curves that were measured while transversally
deforming the cortical cylinder. Values of the Young’s Modulus
were calculated for all the data points for x > 0.1 mm and prior to
failure of the cortical cylinder. We believe that thereby only data
points that were in the elastic range were used.
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where F is the force; S is the bending stiffness; R is the median
radius of the original circle; 2A is the median short axis of the
deformation ellipse; and 2B is the median long axis of the
deformation ellipse.
The bending stiffness can be expressed as
S ¼ Emean3I andEmean ¼
S
I
where Emean is the structural Young’s Modulus in circumferential
direction, and I is the axial second moment of area given by
I ¼ L3
Z r1
r2
ðx   RÞ
2dx r2<x<r1
where L is the length of the segment under compression; r2 is the
inner radius of the original cylinder; and r1 is the outer radius of the
original cylinder.
R ¼
ðr1 þ r2Þ
2
Fig. 3. Schematic illustration of experimental set-ups. (A) Scheme of
the crossheads of an Instron testing machine exerting a transversal force
F on the outside of the cortical cylinder (set-up 1). (B) Cortical cylinder
broken at three vertices after application of the compressive force. The
arrows indicate points of failure (set-up 1). (C) Schematic drawing of
a cross-section of a hollowed axis under internal pressure p. The
internal pressure p is exerted by water pressure to the inner surface of
the cortical cylinder (set-up 2). (D) Ruptured cortical cylinder after
application of water pressure to the inside of the cylinder. The arrow
indicates the point of failure (set-up 2).
Fig. 2. Stem of A. macrophylla with internodes (1, 3) and node (2);
stem base on the right side, stem apex on the left side. Note different
diameters between the node and the internodes (1 < <2 > >3) as well as
between both internodes (1 < 3); scale bar¼20 mm.
2958 Masselter and SpeckSet-up 2: Breaking stress of the cortical cylinder: The hollowed
plant stems were glued to a steel cylinder which was connected to
a syringe barrel (Fig. 4). An end cap was glued at the bottom of the
plant stem to seal off the set-up. The plant-syringe system was ﬁlled
with water and placed in an Instron testing machine, which exerted
an increasing force onto the plunger of the syringe. The rising
pressure p in the water column of the set-up induced radial and
circumferential stresses to the inner surface of the cortical cylinder,
which failed at a certain load (Fig. 3C, D). This method is used for
simulating stresses in the outer sterome induced by cambial
secondary growth processes. It can be assumed that stresses due to
actual secondary growth processes also act on the whole cortical
cylinder.
For assessing the circumferential stress rc at the point of failure,
cylinder theories can be used, as described by Stephens (1970).
p ¼
F
pr2
s
P is the pressure in the water column; F is the force of the Instron
testing machine; and rs is the inner radius of the syringe barrel.
With the inner radius r2 and outer radius r1 of the cortical
cylinder, then:
rr¼p when r¼r2
rr¼0 when r¼r1
The maximum radial rr and circumferential stresses rc occur at
r¼r2:
rc ¼  p
r2
1 þ r2
2
r2
1   r2
2
;
the negative sign indicating tension.
In all, 144 axes were tested with the pressure device. 95
experiments failed for different experimental reasons, the most
common problem was that the adhesive joints between the plant
material and the steel or plastic failed before the pressure was high
enough to rupture the cortical cylinder. Of the 49 successfully
measured samples, 20 young axes with an intact cortex were tested.
To analyse the inﬂuence that the sclerenchymatous and/or the
collenchymatous tissues had on the pressure resistance of young
specimens, the parenchymatous-collenchymatous (ﬁve successful
tests) or the sclerenchymatous tissues (six successful tests) were
artiﬁcially damaged. Laceration of the collenchymatous sheath and
the outer parenchymatous primary cortex was done by using
a modiﬁed scalpel allowing a well-deﬁned depth of cutting. The
sclerenchymatous component, on the other hand, was damaged by
quick manual ovalization of the plant segment causing an audible
and visible failure of the sclerenchymatous tissue. In addition,
13 axes with ontogenetically split sclerenchymatous cylinders were
successfully tested. In ﬁve of the latter axes, the collenchymatous
tissue was lacerated to test its mechanical importance.
Statistical signiﬁcance was calculated with t-tests using the
Scheffe ´-procedure.
Results
The values for the radial width of the vascular cambial
tissues and the parenchymatous inner zone of the primary
cortex differed considerably in the three axes tested
(Fig. 5). This also held true to a lesser degree for the
normalized radial width of the inner zone of the primary
cortex. Nevertheless, it was possible to identify main
trends for the changes in radial width of the vascular
cambial tissues and of the inner parenchymatous zone of
the primary cortex.
Vascular cambial tissues
The radial width of the vascular cambial tissues (VCT,
including secondary xylem and secondary phloem) in-
creased from young fully differentiated stem parts (arrows
1 in Fig. 5) to older stem parts in which rupturing of the
sclerenchymatous cylinder was visible for the ﬁrst time
(arrows 2 in Fig. 5). In the young stem parts the values
were 0.53 mm (axis 1), 0.26 mm (axis 2), and 0.21 mm
(axis 3), respectively. At the point of rupture of the
sclerenchymatous cylinder, the values had increased to
0.83 mm (axis 1), 0.53 mm (axis 2), and 0.62 mm (axis
3). In older ontogenetic stages beyond the region of the
ﬁrst rupturing of the sclerenchymatous cylinder, further
increase in radial width of the VCT occurred in two of the
stems analysed (to 4.6 mm in axis 1, and to 0.99 mm in
axis 2). In stem 3, on the contrary, a slight decrease to
0.49 mm was found (ﬁnal data points to the outmost right
in Fig. 5). Some axes showed collapsed vessels, mostly
Fig. 4. Experimental set-up for applying water pressure to the inner
surface of the cortical cylinder of a hollowed out stem of A.
macrophylla (set-up 2); scale bar ¼ 100 mm.
Stem organization of A. macrophylla 2959located at the onset of the second vegetation period
(Fig. 1C).
Inner parenchymatous zone of the primary cortex
The normalized radial width of the unstrained parenchy-
matous inner primary cortex (arrows 1 in Fig. 5) amounted
to 0.15 (axis 1), 0.12 (axis 2), and 0.08 (axis 3). At the
point at which rupturing of the sclerenchymatous cylinder
was visible for the ﬁrst time (arrows 2 in Fig. 5), the
normalized radial width of the parenchymatous inner
cortex had decreased to 0.08 (axis 1), 0.07 (axis 2), and
0.03 (axis 3), respectively. After failure of the sclerenchy-
matous cylinder, relatively constant values for the normal-
ized radial width of the parenchymatous inner primary
cortex (data points to the outmost right in Fig. 5) were
found in stem 1 (showing a further slight decrease to a
value of 0.07). In the other two axes, on the contrary, an
increase of the normalized radial width of the parenchy-
matous inner cortex occurred after rupturing of the
sclerenchymatous cylinder. In stem 2 an increase of the
normalized radial width to a value of 0.11, whereas in
stem 3 an even more distinct increase to 0.09 occurred.
Mechanical experiments
Set-up 1: structural Young’s Modulus in circumferential
direction: Of 120 tested samples, 12 could be used for
assessing the circumferential structural Young’s Modulus
of the cortical cylinder. The latter specimens showed
abrupt decreases of force indicating brittle fracture after
prior deformation (Figs 3A, B, 6A). The rest of the
specimens did not show deﬁned breaking events, but
showed an entirely different stress–strain behaviour mode
suggesting the presence of elastic deformation (e) fol-
lowed by plastic deformation (p) and compaction (c)
(Fig. 6B).
The hollowed plant stems typically failed in three
regions. The ﬁrst two cracks occurred at the outside at the
two vertices in a transverse direction (direction normal to
loading), followed by one lateral crack at the inside at one
of the two remaining vertices (direction parallel to
loading; Fig. 3B). This is reﬂected by typical force
displacement curves with three failure events (Fig. 6A).
In the circumferential direction, the mean value for the
structural Young’s Modulus of the cortical cylinder was
found to be 0.3060.16 GPa (Table 1).
Set-up 2: breaking stress of the cortical cylinder: Typically,
the hollowed plant axes failed under increasing internal
radial pressure in only one region (Fig. 3D). This event
was marked by an abrupt decrease in internal water
pressure which is mirrored by an abrupt decrease of the
force applied to the plunger (Fig. 6C). The highest critical
radial stresses (i.e. highest critical water pressure) were
found in the hollowed axes of young stems with intact
Fig. 5. Bivariate plots of radial thickness of the vascular cambial
tissues (VCT) and of the parenchymatous inner primary cortex versus
the distance from the stem apex; absolute (i.e. measured) values (solid
circles and triangles), normalized values (open triangles); (A) for axis 1;
(B) for axis 2; (C) for axis 3. Normalized values are the measured
values of the radial width of the parenchymatous inner primary cortex
divided by the undeformed diameter of pith d. Arrow 1 indicates the
position of the youngest anatomically entirely differentiated stem
segment. Arrow 2 indicates the position of the ﬁrst rupture in the
sclerenchymatous cortex.
2960 Masselter and Specksclerenchymatous and collenchymatous cylinders, i.e. with
all cortex tissues intact (V in Fig. 7A) and amounted to
rr,crit¼1.5460.26 MPa. Cylinders of young stems with an
artiﬁcially lacerated parenchymatous-collenchymatous
components (W, rr,crit¼1.2360.30 MPa), and sclerenchy-
matous (X) components (rr,crit¼0.3560.07 MPa), respec-
tively, showed lower values of critical radial stress.
However, only in cylinders of young stems with an
artiﬁcially split sclerenchyma cylinder (X) was the critical
radial stress found to be signiﬁcantly lower than in the
other two types of young stems (V, W). Older axes with
ontogenetically ruptured sclerenchymatous cylinders (Y,
rr,crit¼1.3160.32 MPa) showed slightly lower values of
critical radial stress compared with young axes with intact
cylinders (V, Fig. 7B). However, this difference is not
signiﬁcant. The same holds for the difference between
untreated old axes (Y) and old stems with additionally
artiﬁcially lacerated parenchyma and collenchyma
(Z, rr,crit¼0.9060.44 MPa), which showed a further but
not statistically signiﬁcant decrease in critical radial stress.
By contrast, the difference found between values of
critical radial stress for intact young axes (V) and old axes
with artiﬁcially lacerated collenchyma (Z) is statistically
signiﬁcant.
Similar trends for the same groups (V–Z) were observed
for the calculated circumferential critical (breaking) stress
at the inner surface of the cortical cylinder (Fig. 7C, D).
The difference between values for intact young axes (V,
rc,crit ¼ –9.4261.93 MPa) and young axes with artiﬁ-
cially split sclerenchyma (X, rc,crit ¼ –3.2460.65 MPa) is
statistically signiﬁcant. Cylinders of young stems with
artiﬁcially lacerated parenchymatous-collenchymatous
components (W, rc,crit ¼ –5.5461.03 MPa) do not signif-
icantly differ from either of the former values. The values
found for older axes with ontogenetically ruptured scleren-
chymatous cylinders (Y, rc,crit ¼ –9.5162.42 MPa) do not
signiﬁcantly differ from young axes with intact cylinders
Fig. 6. Force displacement relationships for cortical cylinders of A.
macrophylla under experimental testing. (A) Force-displacement curve
found in compression experiments with the transversal compressive
force exerted on the outside of the cortical cylinder (set-up 1). In this
case the cortical cylinder has failed consecutively three times in three of
the four vertices of the ellipse (arrows). (B) No rupturing of the cortical
cylinder occurs (set-up 1). Three zones with distinct modes of
deformation can be distinguished: (e) elastic deformation, (p) plastic
deformation, (c) compaction. (C) Diagram of the force exerted on the
plunger of the syringe versus the distance of the movement of the
plunger causing an increasing internal pressure to the inner surface of
the cortical cylinder (set-up 2). At the point of the rapid force decrease,
indicated by the arrow, the cortical cylinder has ruptured.
Table 1. Results for the experimental set-up in which a trans-
versal compression force was applied to the outside of the
cortical cylinders of A. macrophylla (set-up 1)
For determining the Young’s Modulus of the cortical cylinder, mean
values were calculated for the data points of the force-displacement
curves prior to failure of the cortical cylinder. F, force applied, r1, outer
radius of the cortical cylinders, r2, inner radius of the cortical cylinders,
L, length of the test segment, I, second moment of area of the cortical
cylinders, Emean, mean Young’s Modulus of the cortical cylinders.
Number of samples (n) in which the cortical cylinder cracked ¼ 12.
Mean value Standard deviation
F [N] 5.06 2.11
r1 [mm] 2.12 3.20310
 2
r2 [mm] 1.69 6.58310
 2
L [mm] 11.73 1.71
I [mm
4] 7.99310
 2 2.72310
 2
Emean [GPa] 0.30 0.16
Stem organization of A. macrophylla 2961(V). Old stems with additionally artiﬁcially lacerated
parenchyma and collenchyma (Z, rc,crit ¼ –6.4763.19
MPa), showed a decrease in critical circumferential stress
of about one-third compared to untreated old axes (Y)
which, however, is not statistically signiﬁcant.
Discussion
Variation of stem anatomy during ontogeny
For a discussion of stresses and strains measured in
A. macrophylla, the cross-sections of axes can be approxi-
mated as a system of concentric cylinders (Fig. 8). Two
different systems are necessary to describe the morphol-
ogy of the axes prior to and after the rupture of the outer
sclerenchymatous cortex.
  (i) A system built of three ‘closed’ cylindrical shells
surrounding a central cylindrical core consisting of the
vascular tissues (phloem, vascular cambium, and xy-
lem) and the pith parenchyma (Fig. 8A, white central
core). This system represents the arrangement of tissues
in a young stem of A. macrophylla. The adjacent inner
cylindrical shell represents the inner primary parenchy-
matous cortex tissue (Fig. 8A, hatched inner ring). The
next cylinder represents the intact sclerenchymatous
cortex (Fig. 8A, black ring), which is followed by the
outer collenchymatous and parenchymatous cortex
tissues and the epidermis (Fig. 8A, peripheral white
ring). In the model, the vascular tissues, the inner
parenchymatous cortex tissues, and the sclerenchyma
Fig. 7. Critical stresses found for the cortical cylinder under internal pressurizing (set-up 2). (A, B) Critical radial stress at the inner surface of the
cortical cylinder, i.e. the sclerenchymatous tissue. (C, D) Resulting critical circumferential (tangential) stress at the inner surface of the cortical
cylinder. V, hollowed axes with intact cortex, n¼20; W, hollowed axes with artiﬁcially lacerated parenchymatous and collenchymatous components
of the outer cortex, n¼5; X, hollowed axes with artiﬁcially split sclerenchymatous components of the cortex, n¼6; Y, hollowed axes with
ontogenetically split sclerenchymatous cylinders, n¼13; Z, hollowed axes with ontogenetically split sclerenchymatous cylinders and artiﬁcially
lacerated collenchymatous components of the outer cortex, n¼5.
Fig. 8. Schematic drawings of two ontogenetic states of secondary
growth and consequent processes of tissue deformation in A. macro-
phylla. (A) Young, undeformed apical state. (B) Old, more basal state
after distinct increase in girth of vascular cambial tissues which have
caused rupturing of the sclerenchymatous cylinder. Types of tissues:
vascular cambial tissues, phloem, vascular cambium, xylem including
the central pith (central white circle); inner parenchymatous zone of
primary cortex (hatched ring); outer primary cortex with sclerenchyma-
tous cylinder (black ring), and collenchymatous and outer parenchyma-
tous cylinder including epidermis (peripheral white ring).
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the structural changes due to secondary vascular
growth. Stresses exerted by the vascular tissues due to
their increasing girth caused by secondary vascular
growth processes are transmitted through the inner zone
of the primary parenchymatous cortex to the outer
primary cortex. The ‘closed’ (i.e. intact) sclerenchyma-
tous cortex forms a stiff cylinder and ‘encloses’ the
other two tissues (Fig. 8A).
  (ii) An ‘open’ system with a fragmented sclerenchyma-
tous cylinder (Fig. 8B). This system represents the
tissue distribution in an older stem of A. macrophylla
with signiﬁcant secondary vascular growth. In contrast
to (i), the fragmented sclerenchymatous cylinder is of
no major mechanical importance. Therefore, the system
can be considered as ‘open’ (i.e. not enclosed) by the
sclerenchymatous cylinder.
The results for the variation of the normalized radial
thickness of the parenchymatous inner primary cortex can
be interpreted accordingly. With rupture of the scleren-
chymatous cylinder (arrows 2 in Fig. 5), the stem structure
changes from (i) to (ii).
With increasing secondary vascular growth, i.e. in-
creasing girth of the secondary vascular tissues, in all
three stems a decrease of (normalized) radial width of the
parenchymatous inner cortex occurs. This ‘squeezing’ of
the parenchymatous inner cortex between the inner
cylinder of the growing secondary vascular tissues and
the closed sclerenchymatous cylinder is interpreted as
a consequence of the increasing radial stresses caused by
the secondary vascular growth. Similar ﬁndings have been
reported for fossil plant stems by Stein and Hotton (1999)
and Masselter et al. (2006, 2007). After rupturing of the
sclerenchymatous cylinder in two of the tested axes (axes
2 and 3) the radial width of the parenchymatous inner
cortex increases, whereas in axis 1 a slight further
decrease is found (Fig. 5). This increase can be interpreted
as a consequence of stress relaxation of the elastically
strained (compressed) parts of the parenchymatous inner
primary cortex which occurs after rupturing of the
sclerenchymatous cylinder. This would indicate a rela-
tively high amount of elastic or visco-elastic deformation
in the inner primary cortex. The existence and kinetics of
cell wall stress relaxations in plant tissues have been
investigated by Yamamoto et al. (1970), Masuda et al.
(1974), Cosgrove (1986, 1987), Hohl and Schopfer
(1992), Yamamoto (1996), and Schopfer (2006).
Deformation of cellular materials
Deformations of cellular materials as seen in the inner
zone of the primary parenchymatous cortex in A. macro-
phylla are complex. Therefore, a detailed account of the
cellular deformations and of the growth stresses and
strains in the inner primary cortex in A. macrophylla
(Fig. 9B, E, H) is presented. For a better understanding of
the processes occurring during secondary growth in the
stems of A. macrophylla, the deformation patterns of
cellular solids as predicted by theory (Fig. 9A, D, G), are
compared to strains experimentally found in a closed-
celled rubber foam (Fig. 9C, F, I).The deformations in
Fig. 9. Cellular materials subjected to increasing compression. (A, D, G) Schematic drawing of the compression in cellular material (modiﬁed after
Niklas, 1989). (B, E, H) Details of inner zone of primary cortex of Aristolochia macrophylla, scale bars ¼ 20 lm. (C, F, I) Sections through closed-
cell rubber foam, scale bars ¼ 200 lm. (A, B, C) Small strains within linear elastic range. (D, E, F) Elastic buckling. (G, H, I) Densiﬁcation.
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similar, and the mechanical behaviour of cellular rubber
foams (with closed cells) provides a conceptual frame-
work for evaluating the mechanical behaviour of cellular
parenchymatous plant tissues (Niklas, 1992). This com-
parative approach can be used to distinguish ‘elastic’ from
‘plastic’ deformations in these plant tissues.
In A. macrophylla differently deformed tissue zones
(Fig. 9B, E, H) can be observed in the inner zone of the
primary parenchymatous cortex. These deformations can
be interpreted as ‘elastic’, i.e. reversible (Fig. 9A, B, D,
E), or ‘plastic’, i.e. irreversible deformations (Fig. 9G, H).
These types of deformation have been reported for plant
tissues with a relatively soft cellular matrix (Gibson et al.,
1981; Niklas, 1989, 1992; Gao et al., 1990; Gao and Pitt,
1991; Stein, 1993; Hotton and Stein, 1994; Stein and
Hotton, 1999) for rubber foams (Gibson and Ashby, 1982;
Gibson et al., 1982; Shim et al., 1992; Weaire and Fortes,
1994; Fig. 9C, F, I), other cellular materials (Weaire and
Rivier, 1984; Shim and Stronge, 1986; Stronge and Shim,
1987, 1988; Shim et al., 1990; Poirier et al., 1992; Papka
and Kyriakides, 1994; Lee et al., 2002), and has also been
predicted by hypothetical models for cellular materials
(Warren and Kraynik, 1987, 1988, 1991; Gibson and
Ashby, 1988; Gibson, 1989; Kraynik and Warren, 1994).
Common to these investigations is the occurrence of
indented cells (Fig. 9E, F) which are ﬁrst elastically
compressed and ﬁnally become plastically deformed.
These cells were in the originally unstrained state (Fig.
9B, C) more or less isodiametric and non-aligned. The
initial so-called elastic buckling (Niklas, 1992), can, with
increasing stress, develop into plastic cell buckling as well
as (ﬁnally) into a total cell collapse (Fig. 9H, I). In this
ﬁnal stage the plant cells lose their turgor and are
compacted cell wall against cell wall (Fig. 9H). Over-
views of methods for measuring and modelling cellular
material are given in Cunningham and Hilyard (1994) and
Weaire and Fortes (1994). The similarity of tissue
deformation patterns in biological and technical cellular
materials indicates that the very different time factor
(plant cells are strained much slower than the illustrated
foam rubbers) is of no major signiﬁcance for the geometry
of stress–strain ﬁelds at equilibrium. Secondary growth-
induced changes in geometry of parenchymatous tissues
in A. macrophylla occur in a time span of weeks, months,
and years. This indicates that effects of permeability and
ﬂuid exchange on the stress–strain behaviour of plant cells
are negligible in a ﬁrst order approximation.
Mechanical experiments
Set-up 1: structural Young’s Modulus in circumferential
direction: The measured value of the structural Young’s
Modulus in a circumferential direction of the cortical
cylinder appears low for a mainly sclerenchymatous
structure (0.30 GPa). Even if the experimental data are
recalculated for the contribution of the sclerenchymatous
cortex to the axial second moment of area of the cortical
cylinder, which is about 65%, the structural Young’s
Modulus would only increase by a factor of 1.54 to about
0.46 GPa. Our results are lower than the results of Spatz
et al. (1995, 1997), where the structural Young’s Modulus
of the hypodermal sterome of the giant reed Arundo
donax which consists of sclerenchymatous ﬁbres, was
found to be about 10 times lower in a circumferential
direction than in a longitudinal direction, and amounts to
values of c. 1 GPa for the middle and lower stem
segments. It is likely that the values of structural Young’s
Modulus of the cortical cylinder in A. macrophylla are
dominated by the contribution of the sclerenchymatous
tissue. Twelve samples of cortical cylinders tested under
increasing transversal compression failed consecutively
ﬁrst at the outside of the two vertices normal to the
direction of loading, where the highest tension strains
occur. The third failure was found on the inside at one of
the two vertices parallel to the direction of loading where
high tension stresses also occur. These regions of failure
were also reported by Spatz et al. (1997) for tests with
stem segments of A. donax. In stem segments of this
plant, by contrast, the ﬁrst cracks typically occurred at the
inner surface of the vertices parallel to the direction of
loading.
Set-up 2: breaking stress of the cortical cylinder: The
sclerenchymatous cylinder is the main contributor to
ﬂexural and torsional stiffness of the young Aristolochia
stems (Speck, 1994a, b; Speck et al., 1996).
The distinct and statistically signiﬁcant decrease found
for critical radial and tangential stresses in cortical
cylinders with artiﬁcially damaged sclerenchyma cylinder
and the ﬁnding that lacerating of the collenchyma only
shows minor, non-signiﬁcant effects on the radial break-
ing stress prove that the contribution of the collenchyma is
of minor importance to mechanical properties in radial
and tangential direction of young A. macrophylla stems.
The radial breaking stress found for the intact cortical
cylinders (1.5460.26 MPa) is in good accordance with
radial growth stresses that plants are capable of exerting in
a radial direction, which are approximately 1 MPa in
Eucalyptus regnans (Boyd, 1950), and in timber in
general by other authors (Jacobs, 1945; Ku ¨bler, 1959;
Archer, 1986; Fournier et al., 1990), varying between 0.7
and 2.8 MPa. The radial breaking stress of the cylinder is
also in line with the results for swelling stress in wood of
the Norway spruce (Picea abies) by Virta et al. (2006),
who measured a maximum swelling stress in the tangen-
tial direction of about 1.2 MPa. The circumferential or
tangential breaking stress of the cortical cylinders is
comparatively low: –9.4261.93 MPa, if compared with
values measured in a longitudinal direction (i.e. tensile
breaking stress of the ﬁbres, cf. Niklas (1993) who
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chyma of –33.9 MPa in longitudinal direction. The
measured critical circumferential stress is the stress at
which the observed cell–cell debonding in a radial di-
rection occurs. All ﬁssures we have analysed showed this
structure (Fig. 1F); i.e. no tangential (circumferential)
rupturing of the sclerenchymatous cells themselves could
be observed. The measured value of the critical stress in
a circumferential direction is much higher than that
reported for parenchyma (0.74 MPa according to Niklas,
1993). This corroborates the interpretation based on the
laceration experiments, and further supports the idea that
the sclerenchymatous cylinders represents by far the most
important contributor to the critical stresses measured for
the cortical cylinders (i.e. hollowed stems) of A. macro-
phylla (Fig. 7). This interpretation is further supported by
qualitative observations during these tests. These prove
that, in experiments with lacerated cortical cylinders,
rupturing preferentially occurs in areas where the scleren-
chymatous cylinder has been damaged, but the rupture
does not preferentially occur in areas where the outer
parenchymatous primary cortex (including epidermis) and
the collenchymatous cylinder were artiﬁcially lacerated.
The observed collapse of large wood vessels (Fig. 1C)
in A. macrophylla cannot be explained by the measured
radial compressive stresses that occur prior to the rupture
of the sclerenchymatous cylinder. These values are only c.
15% of the values measured by Ljungdahl et al. (2006)
and Ljungdahl and Berglund (2007) for compression yield
(stresses) in a radial direction of European oak, which
holds early wood with large vessels of a comparable size
than the large vessels of A. macrophylla (compare Mu ¨ller
et al., 2003). However, for physical reasons, it can be
assumed that stresses in the vascular bundles caused by the
secondary growth processes in A. macrophylla can be
much higher than the stresses transferred to the inner
surface of the sclerenchymatous cylinder. These stresses are
likely to reach critical values for causing yield processes in
the large early wood vessels. Recalculating the values of
growth stresses at the periphery and within secondary
vascular tissues will be the subject of a forthcoming paper.
Conclusions
The quantitative and qualitative data lead to a number of
signiﬁcant implications concerning ontogeny, structural
anatomy, and biomechanics in A. macrophylla.
  (i) Secondary growth, i.e. the expansion of vascular
cambial tissues causes stresses in the adjacent outer and
inner primary tissues. Whereas in the inner primary
tissues (mainly) radial compressive stresses occur,
a combination of radial compressive and tangential
tension stresses are found in the outer primary tissues.
In combination with the existence of a peripheral
cortical cylinder with a closed rigid sclerenchymatous
cylinder, as found in A. macrophylla, these stresses
cause compression of the pith, (sometimes) collapse of
large early wood vessels, a decrease of the radial width
of the parenchymatous inner zone of the primary cortex,
and, ﬁnally, ruptures in the sclerenchymatous cylinder.
  (ii) The parenchymatous inner primary cortex is, in
addition to a radial compression, at least partially
elastically strained in a tangential direction. This zone
is exposed to signiﬁcant variations of mechanical
stresses when the plant changes from a closed to an
open cylinder organization caused by rupturing of the
outer sclerenchymatous cylinder. After rupturing of the
sclerenchymatous cylinder the inner primary cortex
relaxes (visco-) elastically.
  (iii) The different ‘modes of deformation’ (elastic,
plastic, compaction) in the inner parenchymatous cortex
of A. macrophylla can also be found in compressed
closed-cell rubber foams. Therefore, these foams are
suitable material for testing deformation models of
‘soft’ plant tissues.
  (iv) The sclerenchymatous cylinder, while intact acts as
a counter bearing to the secondary vascular tissues
causing high stresses in the intermediate parenchyma-
tous cortex tissues.
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